Introduction isoforms were nuclear, it was proposed, by analogy with the results of the transfection studies, that it was likely The assembly of the myelin sheath is, along with axon to be those containing exon II ; outgrowth and synapse formation, one of the most re- Allinquant et al., 1991) . markable features of nervous system development and
The MBPexII proteins are expressed at high levels maturation. During myelinogenesis in the central neronly in developing oligodendrocytes (Barbarese et al., vous system, oligodendrocytes extend processes that 1978; Jordan et al., 1989) . This temporally regulated enwrap selected axons and generate a compact multilahigh concentration, when correlated with the nuclear mellar membrane spiral. By electron microscopy, alterlocalization of MBPs in young normal oligodendrocytes, nating intra-and extracellular membrane leaflet apposistrongly suggests that it is these MBP isoforms that tions are visualized as major dense (cytoplasmic) and are karyophilic, and which may play regulatory roles in intraperiod (extracellular) lines. The apparent fusion of oligodendrocyte maturation. Other evidence supporting the cytoplasmic membrane leaflets is brought about and a premyelination regulatory role for MBP comes from the stabilized by a set of peripheral membrane proteins shiverer mutant mouse, where the MBP gene is rendered termed the myelin basic proteins (MBPs), two of which nonfunctional . It is puzzling that in at least act in effect as intracellular adhesion molecules.
this mutant, in the absence of MBP expression, other The MBPs are highly charged and exhibit a strong but biogenetically unrelated myelin proteins are concominonspecific affinity for membranes, so in order to target tantly reduced (Ganser and Kirschner, 1980) . Normally, these reactive proteins precisely to myelin, oligodendrotherefore, the entry of certain MBP isoforms into the cell cytes have evolved a mechanism for the transport of nucleus may be the initiating mechanism by which the myelin program is properly orchestrated. MBP mRNAs selectively to intracellular regions where Factors that may act within the nucleus at the early MBPs. To overcome this limitation, we raised antibodies against the sequence encoded by exon II. Exon IIstages of the myelination program in the upregulation of transcription for myelinogenesis have been despecific antibodies (ExIIab) were obtained in guinea pigs using a glutathione transferase-exon II fusion protein scribed. The DNA binding proteins MyT1 (Kim and Hudson, 1992) , SCIP (Monuki et al., 1990) , CTF-NF (Inoue (GST-ExII) as antigen and characterized on protein blots and by immunolabeling of MBP-transfected cells. Figure et al., 1990) , and thyroid hormone receptor transcription factor (Farsetti et al., 1991) control some of the myelin-1A shows the exonic organization of the major MBP mRNAs, and the amino acid sequence used to generate specific genes at the transcriptional level. In other systems, regulatory factors, such as transcription factors, antibodies is indicated. The specificity of ExIIab was tested on protein blots of total myelin ( Figure 1B ). As are known to be actively translocated into the nucleus, and this active transport is taken as convincing evidence expected, only bands corresponding to 17 and 21.5 kDa MBPs were recognized by ExIIab, while all four major for function within nuclei (Miller et al., 1991; Corneliussen et al., 1994; Pruschy et al., 1994) . Analogously, the karyo-MBP bands are clearly visible with MBP644, a rabbit polyclonal antiserum raised against purified 14 kDa philic MBPs, once in the nucleus, may act as regulatory factors in myelination. The case for this concept would MBP, which therefore recognizes common determinants shared by all four isoforms (Colman et al., 1982 ) be considerably strengthened if it could be shown that entry of MBP into nuclei was an active event.
but not exon II ( Figure 1C ). Therefore, these two antibody reagents may be used together to distinguish the For the actively transported proteins, a gated mechanism has been described in which a karyophilic protein MBPexII from the total complement of MBPs expressed in a given cell. carrying a recognition signal is translocated through the nuclear pore complex (NPC) in an energy-and temperaAffinity-purified ExIIab was used together with MBP644 for double labeling of Hela cells expressing either the ture-dependent manner (Newmeyer and Forbes, 1988; Richardson et al., 1988) . Alternatively, of course, the 21.5 MBP ( Figure 2A , a and b) or the 18.5 kDa MBP ( Figure 2A , c and d). MBP644 (red) reveals protein exMBPs are small enough to get into the nucleus by passive diffusion if their membrane binding properties were pression in both transfectants ( Figure 2A , a and c), while exon II labeling (green) was restricted to cells expressing reduced or masked.
We explored various parameters of the translocation the 21.5 kDa MBP (Figure 2A , b) . No immunolabeling of cells expressing the 18.5 kDa isoform was detected with of MBP from the site of synthesis in the cell cytoplasm (Campagnoni et al., 1980; Colman et al., 1982) into the the ExIIab (Figure 2A, d ). These data show that, as expected, only the MBPexII isoforms are detected by nucleus using two different systems: 1) Hela cell transfectants, which we described previously (Staugaitis et ExIIab on blots and by immunocytochemistry. Double labeling of mouse brain cryosections with al., 1990), and 2) autofluorescent MBP-green fluorescent protein (MBP-GFP) fusions, which can be expressed ExIIab and MBP644 was performed to compare the distribution of MBPexII relative to the total complement of and observed in living cells. We show that the transport of MBPexII into the cell nuclei is an active process, MBPs ( Figure 2B ). MBPexII (green) were found to be present in cell bodies (nuclear ϩ cytoplasmic labeling) which is temperature and energy dependent, and may be regulated by phosphorylation and dephosphorylain young oligodendrocytes (E18), and no plasma membrane labeling was apparent ( Figure 2B , a). The inverse tion. Further, the MBPexII may contain a nuclear localization signal (NLS) because we find that these proteins pattern is given by MBP644 (red), which highlights cytoplasm and plasma membrane, indicating that the other can direct the entry of macromolecular complexes into cell nuclei.
isoforms are enriched in these subcellular compartments ( Figure 2B , b). When both images are superimOur findings demonstrate that MBPexII polypeptides are actively moved from the cytoplasm to the nucleus posed ( Figure 2B, (Barbarese et al., 1978) and, as we showed previously, these isoforms exhibit in Hela cells, the pattern of distribution of each of these proteins corresponded identically to what we previously karyophilic properties when individually expressed in shiverer oligodendrocytes (Allinquant et al., 1991) as observed in transient transfectants . Figure 3 shows the distribution in transfected well as in Hela cells (14 kDa and 18.5 kDa). The 14 kDa ( Figure 3a ) and 18.5 which cells can migrate ( Figure 4c and 4d). One hour after wounding, MBPexII can be detected in the nuclei kDa ( Figure 3c ) localize preferentially in the perinuclear region (arrow), with an ER-Golgi-like distribution. It is of border cells (Figure 4c ; arrow). Cells that move into the open area dramatically recover intranuclear MBPexII important to note here that when the membrane isoforms are expressed in nonmyelin-forming host cells, labeling ( Figure 4d ; 2 hr postwounding). Therefore, nuclear exclusion can be reversed by releasing the cells some of the protein reaches the plasma membrane, but most remains in the ER-Golgi region, probably reflecting from the physical constraint imposed by their neighbors. High cell density may affect translocation as well as the lack of the right machinery for mRNA transport, which is a special feature of myelinating cells (Brophy retention in the nucleus (or both). Translocation could be affected at two levels: the active import or the passive et al., 1993). The membrane association of the 14 and 18.5 kDa isoforms contrasts markedly with the cytodiffusion. plasmic and nuclear distribution of the 17 (Figure 3b ) and 21.5 kDa (Figure 3d ) isoforms.
Passive Diffusion across the Nuclear Envelope Is Not Affected by Cell Density In both transient Allinquant et al., 1991) and permanent ( Figure 3 ) transfectants, the Molecules of a molecular size of ‫02ف‬ kDa have been considered to move across the NPC without restriction, two exon II-containing isoforms present identical subcellular distributions. However, we found the highest the only driving force being the gradient caused by the different concentrations of the molecule on either side expression levels of MBP in the cell line expressing the 21.5 kDa MBP, so we continued our studies with the of the nuclear envelope (Paine, 1992) . To study whether passive diffusion parameters across the NPC vary be-21.5 kDa MBP transfectants.
We observed that the distribution of MBPexII was tween low density and confluent cells, we scrape loaded a mixture of fluorescent-labeled 20 and 70 kDa dextrans strongly affected by cell density. Strong nuclear and nucleolar labeling can be clearly seen in low density into Hela cells expressing the MBPexII ( Figure 5A ). Scrape loading is a procedure that permits the incorpocells (Figure 4a ). In striking contrast, densely populated areas of the culture are characterized by nuclei devoid ration of macromolecules into adherent cells (McNeil et al., 1984) . The basis for the method is that a cell scraper of MBPexII surrounded by cytoplasmic labeling ( Figure  4b ). These results suggest that cell-cell contact may is gently passed over a dish containing the cell monolayer; this transiently breaks open the plasma membrane prevent access of MBPexII to the nucleus. Whether MBPexII would redistribute to the nucleus if cells are allowing medium to enter. The cell membrane then rapidly reseals. In Figure 5A , subpanel a, it can be seen "released" from high density was tested by wounding the monolayer. The scar provides an open area into that the 20 kDa dextran (green) diffuse throughout the 
MBPexII Can Carry Other Proteins into the Nucleus
One way to test whether movement of a protein across the NPC is actively mediated is to bind the test protein to a normally cytoplasmically localized protein, and then observe whether the complex is translocated across the NPC (Garcia Bustos et al., 1991) . We therefore studied the capability of MBPexII to target cytoplasmic proteins to the nucleus. For these experiments, we used affinitypurified MBP644 antibodies because we reasoned that antibodies may bind MBPexII in the cell cytoplasm and form a reasonably stable complex that might be translocatable. We used MBP644 because these antibodies do not recognize epitopes in exon II ( Figure 1C ), so they were not expected to mask any putative NLS that might exist within the exon II sequence. When the MBP644 antibodies were scrape loaded into Hela cells expressing MBPexII, IgG molecules were detected in the nucleus by immunolabeling with secondary antibodies ( Figure 6A , a-b are optical sections, from bottom to top). Conversely, no IgGs were found in the nuclei of control Hela cells (Figure 6A, c and d) . This result revealed that idea that MBPexII transport into the nucleus is an active process. 5B, a) still effectively excluded MBPexII ( Figure 5B, b) , Other direct evidence for an active transport mecharevealing that completely separate pathways of nuclear nism came from an experiment in which the green fluoentry are employed for MBPexII and dextrans. In Figure  rescent protein (GFP) from the jellyfish Aequorea victoria 5B, subpanel c shows colocalization of 20 kDa dextran (Prashner et al., 1992; Chalfie et al., 1994) was fused to and MBPexII in the cytoplasm (yellow), but only 20 kDa the carboxyl terminal of 21.5 kDa MBP; this effectively dextran (green) is in the nucleus (arrow). Also, some doubled the size of the protein, making it unlikely to cells did not incorporate dextran; an MBPexII-positive cross the NPC by passive diffusion. The MBPexII-GFP cell that did not load dextran is shown (arrowhead).
fusion protein (M r ‫05ف‬ kDa) was transiently expressed These results demonstrate that diffusion across the NPC in Hela and COS cells by lipofection, and its distribution for a molecule of ‫02ف‬ kDa is not affected by cell density, was monitored by confocal microscopy. We observed and therefore, passive diffusion does not seem to be that the MBPexII-GFP is targeted to the nucleus of COS ( Figure 6B , a) and Hela cells ( Figure 6B, b) , revealing the force that drives MBPexII to the nucleus. that the karyophilic properties of MBPexII were retained uniformly distributed in the cytoplasm, however; rather, the MBPexII-GFP was found concentrated around the in the fusion protein.
nucleus, in agreement with the notion that the first step of nuclear transport is the docking with the NPC, which The Nuclear Translocation of MBPexII is known not to require energy. Translocation across Is an Active Process the NPC, however, is inhibited in energy-depleted media We used GFP as a molecular reporter to monitor the ( Figure 7b ). intracellular distribution of MBPexII-GFP fusion protein When energy-depleted cells were transferred back to in living cells. We transfected Hela cells using a constitucomplete media and incubated for 2 hr at 37ЊC, nuclear tively active GFP expression construct driven by the MBPexII-GFP was recovered (Figure 7c ). On the other CMV promoter. The MBP-GFP recombinant polypephand, when incubation in complete media was done at tides are highly fluorescent and are properly targeted, 4ЊC, nuclear labeling was only partially restored, with showing the same subcellular distribution as the native a bright rim of MBPexII-GFP accumulated around the proteins. When expressed alone, GFP appears uniformly nuclear envelope (Figure 7d ). These results show that distributed throughout the cytoplasm and nucleus (Fig- the MBPexII-GFP nuclear transport is temperature as ure 6B, d). When fused to 14 kDa MBP (14MBP-GFP), well as energy dependent. it attaches to the cytoplasmic side of the plasma membrane ( Figure 6B, c) , while GFP fused to 21.5 kDa MBP (MBPexII-GFP) accumulates in the nucleus ( Figure 6B ,
Phorbol Ester Stimulation Inhibits the Nuclear Import of MBPexII In Vivo b). GFP has been previously used as an efficient tag to trace the distribution of the promyelocytic leukemia
The direct evidence we obtained that MBPexII is actively transported into the nucleus led us to wonder how this (PML) protein to small nuclear organelles, the PML oncogenic domains, in living cells (Ogawa et al., 1995) . Also, translocation might be modulated in vivo. Phosphorylation is one posttranslational modification that is widely GFP-human glucocorticoid receptor (hGR) is translocated to the nucleus upon binding to ligand, like native used by cells to regulate the nucleocytoplasmic distribution of proteins (Miller et al., 1991; Moll et al., 1991) . The hGR (Carey et al., 1996) . Further, GFP can be fused to transcription factors without affecting its function of presence of consensus sequences for phosphorylation on the MBP molecule (Yu and Yang, 1994) suggested either binding DNA or interacting with the transcription machinery (Ogawa et al., 1995; Sidorova et al., 1995) .
that phosphorylation-dephosphorylation events may trigger MBPexII nuclear import. Therefore, we tested Hela cells expressing MBPexII-GFP were used to test the energy requirements of the MBPexII nuclear translothe effect of phorbol ester (TPA), which strongly activates most isoforms of protein kinase C (PKC) (Nishication. Cells were incubated in complete media or in energy depletion media for 2 hr at 37ЊC. The cells that zuka, 1992), which in turn phosphorylates certain proteins. We added TPA to the cell cultures to see whether were energy depleted exhibited cytoplasmic labeling with nuclei devoid of MBPexII-GFP (Figure 7b (Figure 7, a) . It is likely that in shows cells that were kept for 2 hr in DMEM (a) or DMEMϩDMSO (b), both having a bright nuclear MBPexII the absence of an energy source, which is required for the "pumping" of MBPexII into the nucleus, passive diflabeling. The treatment with TPA causes cytoplasmic retention of MBPexII, with accumulation around the nufusion redistributes MBPexII to the cytoplasmic compartment. It is interesting that MBPexII-GFP was not clear envelope. The effect was almost complete after which is involved in nuclear translocation, is responsible for this inhibition.
Discussion
MBPs are common participants in all myelin sheaths, even in the most primitive vertebrates (Saavedra et al., 1989; Waehneldt, 1990) . It is undisputed that they are true structural proteins of myelin; the best evidence for this is that their absence abolishes myelin compaction so that no major dense line is formed (Privat et al., 1979; Kirschner and Ganser, 1980) , and when MBP is introduced by transgenic technology into the shiverer mouse, a normal sheath results (Readhead et al., 1987; Kimura et al., 1989) MBPs have special properties, most notably high net positive charge, which on the one hand facilitates their association with membranes but may also (Goldfarb, 1995) .
Our data reveal for perhaps the first time that a com- forms from cytosol to nucleus, strongly suggesting additional intranuclear roles for the karyophilic MBPs in myelination. 30 min of incubation in the presence of 100 ng/ml TPA (Figure 8c ). Longer incubation (Figure 8d ; 2 hr) and higher TPA concentration (300 ng/ml) gave basically the The Translocation of MBPexII from Cytoplasm to Nucleus Is Actively Regulated same pattern ( Figure 8e , 30 min; and 8f, 2 hr). This result indicated that the state of phosphorylation of MBPexII By what criteria is the entry of MBPexII into the nucleus an active process? First of all, we have shown here influenced its intracellular distribution, although we cannot rule out that phosphorylation of another protein, that its nucleocytoplasmic distribution is growth related.
influenced signal-mediated nuclear transport; the functional size of the pores was found to be greater in flattened cells (Feldherr and Akin, 1993) . Possibly, the movement of MBPexII into the nucleus is influenced by the functional size of the pores as well, which must be a fairly labile property of the nuclear envelope, since wounding of the Hela cell monolayer rapidly allowed reentry of MBPexII into the nucleus (see Figure 4) . Besides being growth related, nuclear translocation of MBPexII requires temperature and energy and may be regulated by posttranslational modifications of the protein. MBPexII is not the only small protein that uses active mechanisms to enter the nucleus. Histone H1 nuclear transport is also arrested by chilling and energy depletion (Breeuwer and Goldfarb, 1990) . Although its small size renders it potentially able to diffuse into the nucleus, histone H1 is localized by a receptor-mediated process that precludes its diffusion through the nuclear pore.
Proteins whose nuclear translocation depends on phosphorylation have also been described. For instance, the Xenopus nuclear factor 7 (xnf 7), a putative transcription factor, is dephosphorylated coincident with nuclear entry (Miller et al., 1991) , and the nucleocytoplasmic localization of the transcription factor SW15 is regulated during the cell cycle by its phosphorylation state; phosphorylation prevents nuclear import (Moll et al., 1991) . We showed that the treatment of the cells with phorbol ester inhibited nuclear transport of MBPexII. In the case of v-Jun and SW15, both having a bipartite NLS, there is an internal serine whose phosphorylation correlates with retention in the cytoplasm (Tagawa et al., 1995) . Also, the nuclear import of lamin B2 is inhibited to add TPA. (c) Cells were incubated with 100 ng/ml of TPA for 30 min and (d) 2 hr or with 300 ng/ml for the same period (e and f, respectively).
Karyophilic MBPs May Contain Novel NLSs
Although "classic" NLSs have been well defined, like the single basic domain of the SV-40 T-antigen (Kalderon Using clonal populations of Hela cells expressing MBPexII, we noted a striking difference in the distribuet al., 1984) or the bipartite domain of nucleoplasmin (Robbins et al., 1991) , there is no single consensus setion of MBPexII in relation to cell density (Figure 4) . MBPexII distributed in the nucleus at low density or was quence for nuclear targeting, and in fact, several nuclear signals have been described that do not fit the classic excluded from the nucleus at high density. This finding may perhaps be correlated with what happens in situ:
criteria. Proteins from hnRNP complexes have no obvious NLS. Interestingly, for one of these proteins (hnRNP for the most part, after an oligodendrocyte makes contact with an axon and starts myelinating, the karyophilic A1), a novel type of NLS has been found that is not similar to the classic basic amino acids-rich NLS but MBPexII are no longer found in the nucleus (but see Hardy et al., 1996) . This transition may reflect the "differinstead has a glycine-rich domain (Siomi and Dreyfuss, 1995) . Another protein whose nuclear localization is meentiation status" of these cells.
Signal-mediated nuclear transport in proliferating and diated by an unusual sequence rather than a short basic NLS is the trans-acting protein Tax of human T cell quiescent 3T3 cells has been compared, and it was found that nuclear uptake was greater, and the funcleukemia virus Type I (Smith and Greene, 1992) , which contains a zinc finger-like cysteine-rich NLS sequence. tional size of the transport channels was larger in proliferating cells (Feldherr and Akin, 1990, 1991) . The deAnother example of a small protein that lacks an obvious NLS motif and uses facilitated nuclear transport is calcrease in transport capacity in quiescent cells was not due to a reduction in the availability of soluble cytomodulin (Pruschy et al., 1994) . MBPexII has some homologies with both classic NLS types (Table 1) , but it is plasmic factors but to changes in the properties of the nuclear pores (Feldherr and Akin, 1993 generate an exon II peptide fragment. Guinea pigs were used to Bipartite NLS, consisting of two basic amino acids, an intervening generate exon II peptide antibodies. A primary inoculation of purified spacer, and a stretch of basic amino acids.
GST-ExonII (100 g) emulsified in adjuvant was injected intradermally. Booster injections were done using the exon II fragment (50 g). Exon II antibodies were affinity purified using an MBP (from mouse brain myelin)-conjugated Sepharose column.
the nucleus are localized. The sequence encoded by
Cell Cultures and Transfections
exon II may provide a NLS, perhaps a novel one, or may Hela cells (human cervical carcinoma cell line) were cultured in cause a conformational change that exposes a cryptic DMEM supplemented with 7.5% FCS, 100 U/ml penicillin, 100 g/ NLS. Alternatively, more than one NLS may be found in ml streptomycin, and 2 mM glutamine.
exon II or the flanking regions.
Liposome-mediated transfections were performed (DOTAP, Boehringer-Mannheim). The MBP cDNAs, subcloned into the pECE
Role of Intranuclear MBPs
vector , were cotransfected with the pSV2 neo vector, which confers neomycin resistance. Individual clones In addition to membrane compaction, MBPs may play were selected that resist the neomycin analogue, G418 (GIBCO), at a regulatory role in oligodendrocyte maturation. Prior a concentration of 800 g/ml. The MBP-GFP fusion proteins were to compact myelin formation, when MBPexII levels are major isoform and its subcellular distribution is also developmentally regulated; the selective localization of
Scrape Loading
Golli proteins within the nuclei of specific neuronal popCells were subjected to a scrape-loading procedure (McNeil et al., 1984) using 10 mg/ml of 20 or 70 kDa fluorescent dextrans in DMEM.
ulations indicates that Golli proteins may also be actively IgG (7 g/ml), affinity purified from MBP644, were also scrape loaded transported to the nucleus (Landry et al., 1996) . These into Hela cells. After scrape loading, cells were plated on polylysineobservations suggest that participation in nuclear events coated coverslips and allowed to recover and spread for at least 6 in the nervous system may be a common feature of the hr before further processing. Cells loaded with fluorescent dextrans Golli-MBP proteins.
were fixed and mounted. Cells loaded with antibodies were fixed, permeabilized, and immunostained with fluorescent-labeled secExperimental Procedures ondary antibodies.
Antibodies
Confocal Microscopy MBP644 is a rabbit polyclonal antibody raised against the rat 14 A Leica TCS 4D confocal scanning microscope was used. Confocal kDa MBP, which recognizes all murine MBP isoforms (Colman et images obtained from samples immunostained with a single antibody are displayed in black and white. al., 1982). To produce an MBP exon II-specific antibody, an exon For double staining, data from two channels were collected simulFarsetti, A., Mitsuhashi, T., Desvergne, B., Robbins, J., and Nikodem, V.M. (1991) . Molecular basis of thyroid hormone regulation of myelin taneously. The data from one channel is represented in green, and data from the other channel is represented in red. 
